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Abstract 

Heat,  fractures  and  fluid  are  the  fundamental  elements  of  geothermal  resources.  From  a 
different  viewpoint,  existence  of  natural  hydrothermal  convection  to  form  convective  geo¬ 
thermal  resources,  and  fluid  production  from  wells,  are  the  important  factors  for  geothermal 
development.  Under  this  circumstance,  fractures  play  two  different  roles.  One  is  contribution 
for  the  onset  of  the  natural  convection  in  geothermal  systems,  and  the  other  is  contribution 
as  flow  paths  to  connect  wells  to  the  reservoir  for  fluid  production.  Since  the  inter-fracture 
ascending  velocity  of  natural  convection  in  geothermal  reservoirs  is  of  the  order  of  10  8  m/s, 
fractures  from  very  small  to  very  large  permeabilities  contribute  to  the  first  role.  However, 
in-flow  velocity  of  single-phase  liquid  within  fractures  in  the  vicinity  of  the  well  face  ranges 
from  10  1  to  101  m/s  for  example.  Thus,  only  fractures  of  very  high  permeability  can  con¬ 
tribute  to  the  second  role.  Therefore,  one  should  always  note  the  roles  of  fractures  when  dis¬ 
cussing  permeability  in  geothermal  reservoirs. 
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1.  Introduction 

Geothermal  resources  currently  developed  for  large-scale  commercial  electric 
power  generation  are  characterized  by  the  existence  of  natural  convection  within 
the  systems.  (1)  Heat  (2)  fractures  (3)  fluid  are  the  fundamental  factors  required  for 
the  formation  of  the  convective  geothermal  resources  and  for  the  heat  extraction 
from  the  reservoirs. 

Among  them,  the  heat  is  the  geothermal  energy  itself.  It  also  enables  the  onset  of 
natural  convection  by  giving  buoyancy  resulting  from  the  reduction  of  fluid  density 
caused  by  thermal  expansion.  It  also  helps  the  onset  of  natural  convection  by 
reducing  viscosity  of  the  fluid.  These  effects  caused  by  high  temperature  make  the 
onset  of  natural  convection  easier  by  10  times  and  more  [1]. 

The  fluid  is  the  transport  material  for  the  heat.  It  transports  heat  energy  as  sen¬ 
sible  and/or  latent  heat. 

The  fluid  flows  through  fractures  in  rocks.  Permeability  of  geothermal  reservoirs 
is  usually  caused  by  fractures  of  various  lengths  and  widths  [2:  p.  66].  Therefore, 
importance  of  fractures  in  geothermal  development  has  been  well  understood 
especially  in  engineering  circles. 

In  this  paper,  I  will  point  out  that  there  are  two  different  roles  of  fractures  in 
geothermal  development:  (1)  contribution  to  occurrence  of  natural  convection  in 
geothermal  systems  to  form  convective  geothermal  resources,  and  (2)  contribution 
to  high  degree  of  permeability  around  wells  which  enables  in-flow  with  low  enough 
flow  resistance  at  a  very  high  flow  rate.  Also,  I  will  discuss  relationship  between 
sizes  of  fractures  and  each  role. 
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2.  Contribution  to  formation  of  geothermal  resources 

2.1.  Natural  hydrothermal  convection  in  geothermal  systems 

Geothermal  reservoirs  are  always  located  within  zones  of  upflow  in  hydrother¬ 
mal  convection  systems  [2:  p.  16].  One  of  the  reasons  is  its  higher  rate  of  heat 
transport  from  great  depth,  compared  with  that  of  heat  conduction.  Another 
reason  is  its  higher  temperature  at  shallower  depths,  compared  with  those  of  con¬ 
ductive  geothermal  systems. 

Temperature  profiles  of  wells  in  and  around  the  Kakkonda  geothermal  field, 
Japan  are  shown  in  Fig.  1.  Refer  to  [3-7]  for  details  of  the  Kakkonda  geothermal 


TEMPERATURE(°C) 


Fig.  1.  Temperature  profiles  of  three  wells  in  and  around  Kakkonda  geothermal  field,  Japan  [4].  Loca¬ 
tions  of  the  wells  are  shown  in  [4]. 


226 


M.  Hanano  /  Renewable  and  Sustainable  Energy  Reviews  8  ( 2004 )  223-236 


system.  Well  (1)  in  Fig.  1  is  a  typical  production  well  in  the  Kakkonda  shallow 
reservoir.  Its  temperature  profile  indicates  the  existence  of  active  upflow.  Since  the 
natural  ascending  volume  flux  (i.e.  Darcy  velocity)  in  natural  state  is  5  x 
10-9  m3/s  m2  [5,6],  the  inter-fracture  ascending  velocity  in  the  natural  state  of  the 
Kakkonda  shallow  reservoir  is  about  5  x  10-8  m/s.  Thus,  fluid  needs  approximately 
600  years  to  vertically  ascend  1  km  in  the  reservoir.  In  this  case,  the  temperature  of 
the  ascending  liquid  is  approximately  230  °C.  Thus,  the  heat  flux  associated  with  the 
ascending  flow  is  approximately  4  W/m“,  because  density  and  specific  enthalpy  of 
the  ascending  hot  water  are  830  kg/m  and  990  kJ/kg,  respectively. 

On  the  other  hand,  well  (3)  is  located  about  5  km  away  from  well  (1).  There 
does  not  exist  active  hydrothermal  convection  at  the  location  of  well  (3),  so  that 
the  heat  transport  is  dominated  by  the  heat  conduction.  Since  the  temperature 
gradient  at  well  (3)  is  about  0.2  K/m,  the  heat  flux  is  approximately  0.4  W/m  , 
assuming  that  the  thermal  conductivity  of  the  rock  medium  is  about  2  W/m  K. 
This  is  only  10%  of  that  of  the  location  of  well  (1). 

Temperature  of  well  (3)  reaches  300  °C  at  1.5  km  depth,  which  is  higher  than 
that  of  well  (1)  with  the  same  depth.  However,  due  to  the  lack  of  natural  hydro- 
thermal  convection,  the  heat  flux  at  the  location  of  well  (3)  is  only  10%  of  that  of 
well  (1),  as  described  above.  Based  on  this  fact,  natural  hydrothermal  convection  is 
absolutely  needed  to  transport  large  enough  heat  from  great  depth  to  exploitable 
depth  for  commercial  utilization.  Recent  study  indicates  that  ascending  velocities  in 
various  convective  geothermal  reservoirs  are  of  the  same  order  of  magnitude  [8,9]. 

It  is  well  known  that  permeability  and  buoyancy  are  the  key  parameters  for  the 
onset  of  the  natural  convection  in  porous  media  [10:  p.  404].  The  natural  convection 
may  not  occur  if  one  of  the  two  factors  is  not  sufficient,  though  the  other  is  large 
enough.  In  the  case  of  well  (3),  there  may  be  large  enough  buoyancy,  because  tem¬ 
perature  at  1.5  km  depth  is  300  °C.  Therefore,  the  lack  of  permeability  is  the  reason 
why  natural  hydrothermal  convection  does  not  exist  at  the  location  of  well  (3). 


2.2.  Permeability  required  for  the  evolution  of  hydrothermal  convection  systems 

Necessary  level  of  vertical  permeability  for  the  onset  of  natural  convection  in 
geothermal  reservoirs  of  about  200-250  °C  is  approximately  10-15  m2  [11].  This 
means  that  this  level  of  permeability  is  required  as  an  average  of  the  entire  system 
to  form  convective  geothermal  resources.  This  level  of  permeability  is  easily 
obtained  when  we  test  core  samples  which  contain  networks  of  small  open  fractures 
[12:  p.  522].  This  minimum  required  permeability  is  reduced  to  about  10“  m“ 
when  the  reservoir  temperature  is  350  °C  because  of  enhancement  of  buoyancy  and 
reduction  of  fluid  viscosity. 

Permeability  of  geothermal  reservoirs  is  caused  by  fractures  of  various  lengths 
and  widths  as  described  above.  Since  the  theoretical  relation  between  permeability 
k  and  aperture  of  an  ideal  flat  open  fracture  b  is  k  =  b1  / 12  [13],  theoretical  aper¬ 
ture  of  an  open  fracture  which  gives  permeability  of  1.0  x  10  15  m2  is 
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1.1  x  10-7  m.  It  is  very  thin,  thus  there  are  countless  number  of  such  small  frac¬ 
tures  within  geothermal  reservoirs. 

At  the  location  of  well  (3)  in  Fig.  1,  there  must  be  a  lot  of  such  small  fractures. 
However,  they  may  be  filled  with  minerals  and/or  they  are  not  connected  to  each 
other.  Thus,  there  is  not  sufficient  network  of  permeability  for  the  onset  of  natural 
convection  around  well  (3). 

The  ascending  velocity  of  upflow  within  fractures  in  geothermal  reservoirs  is  in 
the  order  of  10-8  m/s  as  described  above.  This  is  very  slow.  Thus,  such  a  slow 
fluid  flow  may  exist  within  fractures  of  the  very  thin  aperture  calculated  above. 
This  suggests  that  fractures  of  such  a  low  permeability  can  contribute  to  the  onset 
of  natural  convection  in  geothermal  systems.  Of  course,  fractures  with  larger  per¬ 
meabilities  can  also  contribute  to  the  onset  of  the  natural  convection.  Thus,  almost 
all  the  fractures  in  geothermal  systems,  from  very  small  to  very  large,  as  a  whole, 
contribute  to  the  onset  of  natural  convection  to  form  geothermal  resources,  which 
can  be  commercially  developed.  This  is  the  first  role  of  fractures. 


3.  Contribution  to  well  production  and  injection 

The  second  role  of  fractures  is  the  contribution  to  well  production  and  injection. 
That  is,  contribution  to  higher  degree  of  permeability  around  wells,  which  enables 
in-flow  and/or  out-flow  around  the  wells  with  low  enough  flow  resistance  at  a  very 
high  flow  rate. 

3.1.  Example  of  flow  around  a  well 

Fig.  2  is  a  spinner  log  during  an  injection  test  of  a  production  well  in  a  geother¬ 
mal  field  in  Japan.  This  well  encountered  a  permeable  fractured  zone  at  around 
2618  m  depth  and  resulted  in  total  loss  of  circulation.  The  spinner  log  indicates 
that  all  the  injected  water  flowed  into  the  reservoir  through  several  fractures 
between  2672  and  2706  m  depth.  This  is  a  very  narrow  interval  compared  with  the 
total  length  of  the  open-hole  section.  It  clearly  indicates  that  the  fluid  flow  into 
and/or  out  of  the  well  occurs  only  through  fractured  zones  which  have  very  high 
permeability  instead  of  the  whole  length  of  the  well  face,  though  so  many  small 
fractures  intersect  the  whole  length  of  the  well  face. 

Fig.  3  shows  photos  of  the  Daifunto1  of  the  Oyasu  hot  spring  in  Akita,  Japan. 
In  these  photos,  steam  and  hot  water  flow  out  only  from  the  fractures  developed  in 
the  cliff,  i.e.  fractures  of  sizes  recognizable  from  a  distance.  Neither  the  steam  nor 
the  hot  water  flow  out  from  the  cliff  wall  where  there  is  no  visible  fracture.  This 
phenomenon  reminds  us  the  in-flow  of  geothermal  fluid  into  the  wellbore  from  the 
reservoir  formation.  In  this  case,  the  cliff  wall  is  thought  to  be  a  well  face  of  an 
open-hole  section. 


1  Daifunto:  a  Japanese  proper  noun  representing  a  flushing  hot  spring. 
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Fig.  2.  Spinner  log  of  an  injection  test  of  a  production  well.  L/C,  loss  of  circulation;  TLC,  total  loss  of 
circulation. 


Based  on  the  above  discussion,  we  now  have  the  following  conceptual  model. 
Fig.  4  is  a  schematic  image  of  the  in-flow  in  a  well  through  a  penny-shaped  open 
fracture.  Fluid  flows  only  through  the  fracture  which  intersects  the  well,  and  then 
flows  into  the  well.  In  this  case,  the  in-flow  through  the  fracture  can  be  approxi¬ 
mated  to  be  a  horizontal  radial  flow  within  a  very  thin  space  between  flat  parallel 
plates.  Thus,  the  velocity  of  the  in-flow  becomes  larger  as  the  flow  approaches  the 
well  (Fig.  4).  The  velocity  is  very  high  in  the  vicinity  of  the  well  but  it  is  very  low  at 
a  distance  from  the  well.  This  suggests  that  the  fracture  needs  very  high  per¬ 
meability  around  the  well  but  much  lower  permeability  is  sufficient  at  a  distance. 
Thus,  permeability  distribution  within  the  fracture  needs  not  to  be  uniform.  This  is 
the  characteristic  of  fractures  which  should  be  encountered  by  a  well  for  successful 
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Fig.  3.  Photos  of  Daifunto  of  the  Oyasu  hot  spring,  Akita,  Japan  (taken  by  Masayuki  Tateno).  Steam 
and  hot  water  flow  out  from  the  fractures  developed  in  the  cliff.  Neither  the  steam  nor  the  hot  water 
flow  out  from  the  cliff  wall  where  there  is  no  visible  fracture.  This  phenomenon  reminds  us  the  in-flow  of 
geothermal  fluid  into  the  wellbore  from  the  reservoir  formation. 

fluid  production.  Fluid  flows  into  the  production  fracture  both  vertically  and  hori¬ 
zontally,  through  fractures  which  intersect  the  production  fracture,  as  a  result  of 
the  pressure  drawdown  within  the  production  fracture. 
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Direction  of  fluid  flow  toward  the  well 


Fig.  4.  Illustrated  in-flow  around  a  production  well  along  with  pressure  and  fluid  velocity  distribution 
within  the  production  fracture. 

3.2.  In-flow  velocity  and  permeability  around  a  well 

Let  us  consider  steam  production  from  a  liquid-dominated  geothermal  reservoir 
of  about  250  °C.  Assuming  that  the  steam  production  from  a  well  is  50  t/h  at  well 
head  pressure  of  0.6  MPa  abs.,  total  production,  i.e.  steam  and  hot  water,  is  about 
250  t/h.  In  most  cases  under  such  a  condition,  the  fluid  flows  into  the  well  as  sin¬ 
gle-phase  liquid  and  then  flashes  in  the  wellbore.  In  this  case,  the  horizontal  radial 
inter-fracture  in-flow  velocity  of  the  single-phase  liquid  is  lO^-lO1  m/s  at  the  well 
face,  assuming  that  there  is  only  one  production  fracture  intersecting  the  well  and 
that  the  aperture  of  the  fracture  is  10“  -10  m  and  the  diameter  of  the  well  is 
216  mm  (8.5  in.).  This  horizontal  inter-fracture  in-flow  velocity  is  larger  by  106— 108 
than  the  inter-fracture  ascending  velocity  of  the  natural  convection  of  geothermal 
systems  as  described  above.  This  clearly  indicates  that  fractures  which  act  as  flow 
paths  between  reservoirs  and  wells  should  have  very  high  permeability  which 
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enables  low  enough  flow  resistance  to  permit  such  a  high  velocity  in  the  fractures 
in  the  vicinity  of  the  wells. 

The  permeability-thickness  product  {kh)  of  production  wells  in  liquid-dominated 
geothermal  fields  obtained  by  single-well  pressure  transient  tests  ranges  from  10“  " 

1  A  O 

to  10“  m  [2:  pp.  160-233].  Thus,  horizontal  permeability  of  fractures  related  to 

i  a  8  9 

fluid  production  from  the  production  wells  is  10“  -10“  nr  assuming  the 
same  fracture  aperture  employed  above.  These  values  are  10-10  times  larger  than 

i  r  a 

10“  nr,  which  is  the  approximate  minimum  required  vertical  permeability  for  the 
onset  of  the  natural  convection  in  geothermal  reservoirs,  as  described  above. 

1  A 

This  result  clearly  indicates  that  fractures  with  permeabilities  lower  than  10“  - 

O  'A 

10"°  m  are  unable  to  act  as  the  flow  paths  to  connect  wells  to  reservoirs  for  com¬ 
mercial  steam  production.  Thus,  they  cannot  be  feed  zones  of  wells.  This  is  because 
their  flow  resistance  is  so  high  that  they  are  unable  to  sustain  high  enough  fluid 
velocity  for  fluid  production  because  of  too  large  pressure  drawdown.  However,  it 

1  A  O  A 

is  necessary  to  note  that  the  permeability  values,  10“  -10“  m“,  are  acceptable 
only  for  the  case  discussed  above,  and  are  not  necessarily  representative  of  the 
actual  productive  fractures,  because  the  values  strongly  depend  on  fluid  tempera¬ 
ture,  fluid  pressure,  number  of  productive  fractures  and  aperture  of  the  fractures. 

3.3.  Is  production  always  possible  within  convective  geothermal  reservoirs? 

It  is  well  known  among  geothermal  field  engineers  that  wells  with  heat  conduc¬ 
tive  temperature  profiles  may  not  produce  large  amount  of  geothermal  fluid  con¬ 
stantly  for  a  long  time,  for  commercial  power  generation.  Thus,  all  the  production 
wells  for  commercial  geothermal  power  generation  are  drilled  within  geothermal 
reservoirs  which  are  parts  of  natural  hydrothermal  convection  systems. 

Therefore,  is  steam  production  always  possible  from  wells  drilled  in  convective 
geothermal  reservoirs?  The  answer  is  no.  Fig.  5  shows  the  temperature  profiles  dur¬ 
ing  the  warm-up  after  drilling  of  a  production  well  in  a  geothermal  field  in  Japan. 
It  is  clear  that  there  exists  a  natural  hydrothermal  convection  in  this  reservoir. 
Thus,  the  reservoir  is  made  of  fractured  porous  media  whose  bulk  average  of  verti- 

i  r  a 

cal  permeability  is  greater  than  10“  nr.  Thus,  the  fractures  in  the  reservoir  make 
up  a  network  to  allow  convective  fluid  circulation  in  the  reservoir.  However,  the 
well  did  not  encounter  any  fracture  which  could  cause  total  loss  of  circulation  or 
that  of  similar  permeability  during  the  drilling  of  its  open-hole  section,  as  seen  in 
the  lost  circulation  record  (Fig.  5).  Therefore,  the  well  was  not  productive.  This 
clearly  indicates  that  a  drilling  target  should  be  carefully  examined  even  in  a  con¬ 
vective  geothermal  reservoir. 

Fig.  6  shows  well  M-12  in  the  Matsukawa  geothermal  field,  Japan,  which  is  an 
extreme  example  of  this  phenomenon.  Matsukawa  is  a  vapor-dominated  geother¬ 
mal  field  where  there  is  a  very  active  hydrothermal  convection  in  the  reservoir 
[15,16].  Well  M-12  was  a  deviated  well  and  drilled  into  its  primary  target  zone 
shown  as  a  circle  with  a  diameter  of  20  m.  However,  it  did  not  encounter  any  pro¬ 
ductive  fracture  in  the  circle  and  was  drilled  through  the  target  zone  without 
any  loss  of  circulation.  The  open-hole  section  of  well  M-12  was  back-filled  and 
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L/C  Casing  Program  Temperature  CC) 


Fig.  5.  Example  of  an  unproductive  well  drilled  in  a  convective  geothermal  reservoir.  L/C,  loss  of  circu¬ 
lation;  TLC,  total  loss  of  circulation;  ST,  standing  time. 

cemented.  Then,  the  well  was  side  tracked  from  the  bottom  of  the  casing  pipe.  The 
side-tracked  leg  encountered  a  productive  fracture  which  caused  total  loss  of  circu¬ 
lation,  right  after  the  start  of  the  side-track. 

However,  we  have  to  note  that  the  total  loss  of  circulation  was  located  in  the 
target  circle  of  which  the  original  leg  was  drilled  through  without  any  loss  of  circu¬ 
lation.  The  three-dimensional  distance  between  the  loss  of  circulation  in  the 
side-tracked  leg  and  the  original  leg  was  only  10  m.  This  clearly  indicates  that  the 
number  of  productive  fractures  is  limited,  and  so  is  their  distribution,  even  though 
there  is  an  active  hydrothermal  convection  in  the  reservoir. 

Based  on  the  above  discussion,  we  may  summarize  the  contribution  of  fractures 
to  well  production  and  injection,  as  follows.  There  are  a  large  number  of  fractures 
of  different  lengths  and  apertures,  i.e.  different  permeabilities,  in  geothermal  reser¬ 
voirs.  However,  only  the  fractures  of  high  enough  permeability,  which  ensure  low 
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Fig.  6.  Drilling  target  and  results  of  well  M-12  in  Matsukawa  geothermal  field,  Japan  [14]. 


enough  flow  resistance  for  the  in-flow  around  wells,  can  act  as  flow  paths  from  the 
reservoir  to  the  wells  for  fluid  production,  though  many  fractures  intersect  well 
walls.  All  other  fractures  of  lesser  permeability  cannot  act  as  flow  paths  because  of 
too  large  pressure  drawdown  due  to  a  too  large  flow  resistance.  That  is,  no  matter 
how  large  the  number  of  fractures  with  low  permeabilities  that  intersect  a  well,  the 
well  cannot  be  productive.  Commercial  steam  production  is  not  possible  if  a  well 
does  not  encounter  a  fracture  of  large  enough  permeability,  even  though  the  well  is 
drilled  within  a  convective  geothermal  reservoir.  It  is  only  possible  when  wells 
encounter  productive  fractures  which  cause  large  amount  of  loss  of  circulation. 
This  is  the  second  role  of  fractures. 


4.  Sizes  and  permeabilities  of  fractures  for  the  onset  of  natural  convection 
and  well  production 

There  are  many  fractures  of  different  size,  i.e.  lengths  and  apertures,  and  perme¬ 
abilities  in  the  reservoir.  The  number  of  large  fractures  (i.e.  larger  permeabilities)  is 
less  than  that  of  small  fractures  (i.e.  less  permeabilities).  Their  relation  is  fractal 
[17:  pp.  44-50].  The  relation  between  the  number  of  fractures  N  and  the  size  of 
fractures,  i.e.  the  permeabilities  of  the  fractures,  is  illustrated  in  Fig.  7.  As 
described  above,  the  permeability  of  a  fracture  is  related  to  the  fracture  aperture. 
Since  the  fracture  aperture  is  usually  proportional  to  the  length  of  the  fracture,  the 
fracture  length  L  is  used  as  the  horizontal  axis  in  Fig.  7. 
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Fig.  7.  Schematic  relationship  between  fractures  of  various  lengths  and  roles  of  fractures.  Thick  solid 
line:  relationship  between  fracture  lengths  and  number  of  them.  N,  number  of  fractures;  L ,  length  of 
fractures. 


As  discussed  above,  the  minimum  permeability  needed  for  the  onset  of  natural 
convection  in  geothermal  systems  is  relatively  low.  Thus,  almost  all  fractures  from 
very  small  to  very  large  can  contribute  to  it  (Fig.  7).  However,  only  fractures  of 
high  enough  permeability  enable  well  production,  as  already  said.  Therefore,  the 
fractures  which  can  contribute  to  the  well  production  are  limited  to  those  with  high 
permeability  (Fig.  7).  These  fractures  cause  large  loss  of  circulation,  when  they  are 
encountered  during  drilling. 

Relatively  smaller  loss  of  circulation  also  occurs  when  the  well  encounters  frac¬ 
tures  slightly  smaller  than  the  productive  ones.  Thus,  the  fractures,  which  cause  the 
loss  of  circulation,  have  a  slightly  wider  range  in  size,  i.e.  permeability,  than  that  of 
the  productive  fractures  (Fig.  7). 

Geothermal  exploration  is  usually  carried  out  in  two  steps.  The  first  step  is  a 
reconnaissance  survey  to  delineate  the  geothermal  reservoir,  the  second  step  is  the 
selection  of  the  drilling  target  for  steam  production  and  injection.  The  purpose  of 
the  reconnaissance  survey  is  to  delineate  a  high-temperature  ascending  flow 
zone  within  a  hydrothermal  system.  Thus,  it  is  related  to  the  first  role  of  the 
fractures.  On  the  other  hand,  the  second  step  involves  locating  high  permeability 
fractures  within  a  geothermal  reservoir.  Thus,  it  is  related  to  the  second  role  of  the 
fractures.  Therefore,  the  two  different  roles  of  fractures  are  the  main  reason  which 
explains  why  geothermal  exploration  is  conducted  in  two  steps.  Reminding  the  two 
roles  of  fractures  may  give  beneficial  insight  when  planning  geothermal  exploration 
in  geothermal  fields.  Also,  this  concept  is  a  necessary  background  when  discussing 
permeability  related  phenomena  in  geothermal  reservoirs. 
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5.  Conclusions 

Heat,  fractures  and  fluid  are  the  three  fundamental  factors  required  for  the 
occurrence  of  convective  geothermal  resources  and  for  the  heat  extraction  from  the 
reservoir.  From  a  different  viewpoint,  the  most  important  factors  for  the 
conventional  geothermal  development  are:  the  existence  of  a  natural  hydrothermal 
convection  to  form  liquid-  or  vapor-dominated  geothermal  resources,  and  a  fluid 
production  from  wells  to  supply  steam  and/or  hot  water  for  commercial  utilization. 

From  the  above  discussion,  we  can  conclude  that  fractures  play  two  different 
roles  in  geothermal  development:  (1)  a  contribution  to  the  onset  of  natural  convec¬ 
tion  in  geothermal  systems  to  form  geothermal  resources.  This  is  given  by  almost 
all  the  fractures  from  very  low  to  very  high  permeabilities.  (2)  A  contribution  to 
the  flow  path  to  connect  wells  to  the  reservoir  to  let  the  fluid  flow  into  and/or  out 
from  the  wells.  This  is  given  only  by  fractures  of  high  enough  permeability.  This 
concept  is  a  fundamental  characteristics  of  geothermal  reservoirs  and  steam  pro¬ 
duction.  One  should  always  realize  the  importance  of  the  roles  of  fractures  when 
discussing  permeability  in  geothermal  reservoirs. 
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